The highly (100) oriented (Pb,La)(Zr,Ti)O 3 (PLZT) films were successfully grown on (110) Al-doped ZnO (AZO) coated on (100) SrTiO 3 (ST) substrates using an RF magnetron sputter. The ferroelectric, dielectric, and optical properties of the transparent AZO/PLZT/AZO/ST structure were investigated to suggest the feasibility of AZO as an alternative transparent conductive oxide (TCO) electrode for optical devices requiring the longitudinal electro-optic (EO) effect. Recorded P-E loops showed slim hysteresis, and the remanent polarization and coercive field were 6.5¯C/cm 2 and 37 kV/cm. The relative permittivity and loss tangent were 745 and 0.044 at 10 kHz, respectively. The optical transmittance of the structure was over 90% in the near-infrared (NIR) region. Finally, the AZO/PLZT/AZO films grown on the ST substrate exhibited a strong quadratic EO effect and the longitudinal EO coefficient was 180 nm 2 /V 2 at = 1550 nm.
Introduction
Recently, much attention has been paid to fabricating the transparent, highly oriented ferroelectric films which show a high electro-optic (EO) effect compared to ferroelectric bulk. 1)3) Transparent conducting oxide (TCO) electrodes are effective in applying a high electric field along the thickness direction of the films, because the EO effect is essentially proportional to the applied electric field. The resulting EO effect is called the longitudinal EO effect. This high longitudinal EO effect has been attractive to various optical applications such as optical switches, spatial light modulators, and optical information storage. 4 
)6)
As a TCO electrode material, the Sn-doped In 2 O 3 (ITO) is popular due to its low electrical resistivity and high transmittance from the visible to the near-infrared (NIR) region J. J. Choi et al. 7) reported a high longitudinal EO coefficient (150 pm/V) of Pb(Zr,Ti)O 3 (PZT) films prepared on ITO. M. Gaidi et al. 8) also disclosed a very high longitudinal EO coefficient (720 nm 2 /V 2 ) of highly (110) oriented (Pb,La)(Zr,Ti)O 3 (PLZT) films deposited on ITO. Both of these high EO coefficients were obtained by applying incident beams with high propagation angles (45 to 75°) to add transverse EO effect and increase the optical path length in the measurement. However, in general, the practical optical device configuration requires an incident beam normal to a face of the film. Although such high EO coefficients were observed in the PZT and PLZT films sandwiched between the ITO electrodes, one inevitable issue is that indium composed of the ITO is a rare material facing the risk of depletion. This issue gives rise to the chance to find other appropriate TCO materials. From this viewpoint, we focused on Al-doped ZnO (AZO) film, which shows low electrical resistivity and high transmittance comparable to ITO films. 9)11) In addition, ZnO is a nontoxic, inexpensive and abundant material. However, in spite of the promising properties of AZO films, research on PLZT films deposited on AZO, which can realize optical devices requiring the longitudinal EO effect, has not yet been reported.
In this paper, we describe the fabrication of highly (100) oriented PLZT films with an AZO/PLZT/AZO structure after finding optimal deposition conditions of highly oriented AZO and PLZT films prepared on a SrTiO 3 substrate. The ferroelectric, dielectric, and optical properties of the PLZT films in the structure are also demonstrated.
Experimental procedure
The AZO and PLZT films were fabricated using a conventional RF magnetron sputtering system (Seed Kab. Co.), and a sputtering AZO (ZnO:Al 2 O 3 = 98:2) ceramic target of 50 mm diameter and 5 mm thickness. PLZT composite targets, 12) where a PbO pellet of 25 mm diameter and 12 mm thickness was placed at the center of the Pb 0.91 La 0.09 Zr 0.65 Ti 0.35 O 3 [PLZT (9/65/35)] target with 10 mol % excess PbO of 48 mm diameter and 4 mm thickness, were used to supply enough Pb to the PLZT films during deposition. The composition of the PLZT target is close to the ferroelectric rhombohedral-tetragonal boundary, which exhibits strong quadratic EO property. 4) Both side-polished (100) SrTiO 3 (ST) single crystals (10 © 10 © 0.5 mm 2 , Shinkosha Ltd.) were used as substrates for fabricating AZO and PLZT films and the sample with the AZO/PLZT/AZO structure. Conducting 0.5 wt % Nb-doped (100) SrTiO 3 (NST) single crystals (10 © 10 © 0.5 mm 2 , Shinkosha Ltd.) were also used as substrates without the bottom AZO electrodes for comparison with the dielectric properties of the PLZT films in the AZO/PLZT/AZO structure. The deposition chamber was evacuated to 6 © 10 ¹6 Torr using a diffusion pumping system before deposition. The deposition of all films was carried out at 2 © 10 ¹2 Torr using Ar as a sputtering gas. The substrate was heated from 400 to 600°C using a kanthal A wire, a substrate-target distance of 3 cm, and an RF power range of 100200 W.
The phase identification of the deposited films was performed using an X-ray diffractometer (XRD, RINT-2000, Rigaku). The thickness and 1-dimensional root mean square (RMS) roughness of the films was measured using the surface profilometer (Dektak150, Veeco). The electrical resistivity of AZO thin films was calculated from the currentvoltage measured by a picoameter (6487, Keithley) using a four-point probe. The ferroelectric and dielectric properties of the PLZT films were measured using a ferroelectric testing system (Precision 4 kV HVI, Radiant Tech.) and an impedance analyzer (HP4294A, Agilent Tech.). The optical transmittance measurement of the single films and multilayer were done on spectrophotometer (V-570, Jasco) in the wavelength range from 300 to 1600 nm. The longitudinal EO response of the AZO/PLZT/AZO structure was measured at the incident light wavelength of 1550 nm. The EO measurement system with transmission geometry was used and the details were described in the ref. 13 ).
Results and discussion
3.1 Growth of AZO and PLZT films and AZO/ PLZT/AZO structure show XRD diffraction patterns of AZO thin films grown on ST at different substrate temperatures from 400 to 600°C (RF power: 100 W) and different RF powers from 100 W to 180 W (substrate temperature: 600°C), respectively. From these XRD patterns, all AZO films were (110) oriented, indicating (110) AZO with the diagonal of rectangular parallel to the side of square surface cell of (100) ST. 14) , 15) With increasing substrate temperature, from 400 to 600°C and RF power from 100 to 150 W, the electrical resistivity was decreased from 9.6 © 10 ¹2 ³·cm to 1.2 © 10 ¹2 ³·cm. The grain size calculated from Scherrer's equation 16) increased with indicating improvement in crystallinity, as shown in Fig. 2 . The higher crystallinity showed lower resistivity due to the reduction in the scattering of the carriers at the grain boundaries, which increased the carrier mobility. 17) On the other hand, in the case of RF power of 180 W, the intensity of the AZO 110 peak and grain size was decreased, and the resistivity also increased. It was assumed that a high RF power of 180 W would damage the structure and electrical properties of the AZO films due to the bombardment of high energy particles from the AZO target. 18) From these results, the lowest resistivity and high crystallinity (110) of the AZO films with RMS roughness of 2.0 to 2.5 nm were observed at an RF power of 150 W and substrate temperature of 600°C.
For the fabrication of the PLZT films, the PLZT plus PbO composite target with additional Pb source was used. This is because a single PLZT target produced a Pb-deficient Pb(Zr,Ti) 3 O 7 phase in this study. The results of the XRD analysis of the PLZT films grown on ST substrates at RF power of 100 W showed that highly (100) oriented PLZT films without an PbO phase were obtained at 600°C, as shown in Fig. 3(a) . At the substrate temperature of 600°C, even when RF power was changed from 100 to 200 W, the highly (100) oriented PLZT films were also grown on ST, as shown in Fig. 3(b) . These films had an RMS roughness of 12 nm.
On the basis of the above-mentioned results, the PLZT films sandwiched between with the AZO films, as shown in Fig. 4(a) , was successfully fabricated on ST substrates. The PLZT films with 1-¯m thickness were fabricated on AZO films used as the bottom electrode, and the upper AZO electrodes were deposited using a shadow mask 1 mm in diameter. The final structure of the samples was AZO/PLZT/AZO/ST, as shown in Figs. 4(a) and 4(b): the XRD pattern of the sample with an AZO/PLZT/ AZO/ST structure. It was confirmed that most of the orientations of the grown PLZT and AZO films were (100) and (110), respectively. Journal of the Ceramic Society of Japan 120 [5] 166-170 2012 JCS-Japan
Ferroelectric and dielectric properties of the highly (100) oriented PLZT films
The ferroelectric and dielectric properties of the highly (100) oriented PLZT films in the AZO/PLZT/AZO structure were characterized and compared with those of single (100) PLZT film grown on an NST substrate (PLZT/NST). The upper electrode on the PLZT/NST was gold with a 0.5-mm diameter and the structure of this sample was Au/PLZT/NST. Figure 5(a) shows the ferroelectric hysteresis behavior of highly (100) oriented PLZT films grown on AZO/ST and NST. The remanent polarization and coercive field of the PLZT films on NST were 6¯C/cm 2 and 20 kV/cm, and their corresponding values for the PLZT films in the AZO/PLZT/AZO structure were 6.5¯C/cm 2 and 37 kV/cm, respectively. These remanent polarization values are in agreement with those reported in refs. 19 ),20) These slim P-E hysteresis loops indicated that the chemical composition of both sputterdeposited PLZT films is almost the same as that of PLZT (9/65/ 35). Figure 5 Figure 6 (a) shows the optical transmittance spectra of the AZO film with 0.3-¯m thickness on ST (AZO/ST) and the PLZT films with 1-¯m thickness on ST. The transmittance of ST annealed at 600°C is also presented. The films were transparent from 300 to 1600 nm. As shown in Fig. 6(b) , the AZO/PLZT/ AZO multilayer films has a high transmittance suitable for measuring the electro-optical characteristics at = 1550 nm because their average optical transmittance was also 90% in the near-infrared region.
Measurement of optical properties of AZO/ PLZT/AZO
The longitudinal EO response was characterized using a measurement system with transmittance geometry at an incident beam angle of 0°with respect to the plane of the sample, as schematically described in Fig. 7 . This system enabled us to measure the longitudinal EO response of the PLZT films by applying voltage to the transparent upper and bottom AZO electrodes. When the polarizer and the analyzer are crossed (extinction position), the optical transmittance of the system is given by following formula: 8) 
Here, T is the optical transmittance, I o is the maximum transmitted intensity (when the polarizer and the analyzer are parallel), I is the output light intensity, and ¦¯is phase retardation (between the two polarization components of linearly polarized monochromatic incident light). From the output light intensity measured by maintaining the extinction position as a function of voltage, the phase retardation, ¦¯, can be determined using Eq. (1) . The relationship between birefringence, ¦n, and ¦¯can be express using the following equation:
Here, L is the optical path length, and is wavelength of incident light, ¦n is the electric field-induced birefringence (¦n = n e ¹ n o : n e , and n o refers to the extraordinary and ordinary refractive indices). From the above Eq. (2), the change in birefringence ¦n as a function of the applied field was obtained, indicating that this longitudinal EO response is a dominantly quadratic EO effect, as shown in Fig. 8(a) . An equation defining the relationship between birefringence ¦n and applied electric field, E 3 , for obtaining the longitudinal EO coefficient (longitudinal Kerr coefficient) is as follows: 3)
Here, ¦n 1 is the longitudinal electric field-induced birefringence; V 3 and E 3 are the applied voltage and electric field between electrodes, respectively; d is the thickness of the EO material; and R 13 is the longitudinal Kerr coefficient of the direction perpendicular to the electric field. By using the plot of birefringence change ¦(¦n 1 ) versus the square of the electric field calculated by Eq. (3), as shown in Fig. 8(b) , the slope (R 13 n o 3 /2) was obtained. From the slope value, the longitudinal Kerr coefficient R 13 of 180 nm 2 /V 2 was also calculated using the ordinary refractive index of PLZT films (n o = 2.45) 23) at = 1550 nm.
Although the longitudinal EO coefficient of AZO/PLZT/ AZO multilayer films is higher than that reported (below 100 nm 2 /V 2 ) 21), 22) of the single PLZT thin films, the value of this work is smaller than that (380 nm 2 /V 2 ) of conventional sintered PLZT bulk. 24) The main reason explaining the following equations using a quadratic EO coefficient g and polarization P is as follows: 25) 
Here, ¾ o , ¾ r are the vacuum permittivity and relative dielectric permittivity. Equation (4) says that the Kerr coefficient R (=R 33 ¹ R 13 ) is strongly dependent on relative permittivity ¾ r . The relative permittivity (¾ r = 50006000) 26) of bulk PLZT is high in comparison with that (¾ r = 745) of this study. On the other hand, a high longitudinal EO coefficient (720 nm 2 /V 2 ) of highly (110) oriented PLZT film was obtained using a glass substrate as mentioned in the introduction. From these results, it was judged that the expected key factor for the high longitudinal EO effects of the PLZT films is intrinsic tensile strain from a lattice mismatch between films with a substrate. In this study, we found that the AZO/PLZT/AZO multilayer films without reaction products were fabricated at 600°C. This result enhances further investigations into producing transparent AZO/PLZT/AZO films deposited on other substrates such as glass, sapphire, etc. Journal of the Ceramic Society of Japan 120 [5] 166-170 2012
Conclusion

